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Cytologists have long observed that individual eukaryotic
species segregate their chromosomes in one of two appar-
ently different ways. Monocentric chromosomes attach to
microtubules at a particular region (the centromere) and
move toward the pole during anaphase with the cen-
tromere leading. In contrast, holocentric chromosomes
bind to microtubules along their entire length and move
broadside to the pole from the metaphase plate. Holocen-
tric chromosomes are scattered throughout the plant and
animal kingdoms, and may be products of convergent evo-
lution. Alternatively, the ancestral eukaryotic chromo-
some may have been holocentric, in which case the restric-
tion of kinetic activity to a specialized region must have
been an evolutionary event that occurred again and again.

Perhaps because most laboratory organisms have mono-
centric chromosomes, holocentric species have been re-
garded with a mixture of curiosity and suspicion. These at-
titudes have begun to change precipitously due to three
major factors: the development of the holocentric nema-
tode worm Caenorhabditis elegans as a robust molecular
genetic system, the availability of extensive genome se-
quences for both C. elegans and monocentric species, and
the harnessing of RNA interference (RNAIi) as an experi-
mental technique (Fire et al., 1998). As these tools are en-
abling holocentric behavior to be studied at a molecular
level, we can finally explore how a chromosome function
as basic and essential as microtubule attachment has as-
sumed such distinct evolutionary forms. Three studies
published in this issue, combined with other recent results,
strongly suggest that many components and mechanisms
underlying kinetochore function are highly conserved be-
tween holocentric and monocentric chromosomes.

Several C. elegans proteins have now been implicated in
centromere function or kinetochore structure. The major-
ity were first identified by virtue of their homology to
components identified in monocentric organisms, includ-
ing ZW10 (Hodgkin et al., 1979), CENP-A (HCP-3)
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(Buchwitz et al., 1999), and now CENP-C (HCP-4) (see
Moore and Roth, 2001; Oegema et al., 2001, in this issue),
Bubl, and MCAK (Oegema et al., 2001). Homologs of
chromosome “passenger proteins” similar to Aurora and
INCENPs have also been recognized and shown to play
roles in chromosome segregation (Schumacher et al., 1998;
Kaitna et al., 2000; Oegema et al., 2001).

In contrast, discovery of HCP-1 (and its partially redun-
dant paralog HCP-2) originated with a monoclonal anti-
body that recognized the poleward face of mitotic chromo-
somes (Moore et al., 1999). HCP-1 and -2 are likely
homologs of mammalian CENP-F, a kinetochore protein
that is a component of the spindle assembly checkpoint
(Rattner et al., 1993). Another player, HIM-10, was identi-
fied genetically through a partial loss-of-function allele
that causes a nonlethal segregation defect (Hodgkin et al.,
1979). In this issue, Howe et al. (2001) have now demon-
strated a role in kinetochore function for HIM-10, which is
homologous to Nuf2, originally identified as a spindle pole
body-associated factor from budding yeast and recently
shown to be centromeric in organisms from Schizosaccha-
romyces pombe to humans (Osborne et al., 1994; Wigge
and Kilmartin 2001). Each of these C. elegans centromere
or kinetochore proteins thus shares similarity with cen-
tromere-associated factors from monocentric organisms.
By studying these proteins in the context of holocentric
chromosomes, work in this issue contributes to our under-
standing of the conserved, and probably most fundamen-
tal, properties of kinetochores.

Reverse Genetics in C. elegans as a Power Tool for
Investigation of Kinetochore Structure and Function

Each of the papers presented here has employed the tech-
nique of RNA interference in C. elegans. This reverse ge-
netic approach makes it technically straightforward to ex-
amine the consequences of depleting a specific gene
product even when a mutant allele is unavailable. All of
the conserved centromeric or kinetochore functions exam-
ined in these papers prove to be essential for the early em-
bryonic divisions, and are thus required for viability. Nev-



ertheless, cytological analysis of early embryonic divisions
demonstrated that these factors play distinct roles in chro-
mosome segregation.

Several different cytological approaches have been em-
ployed to probe the effects of depleting specific kineto-
chore components in the early embryo. Immunofluores-
cent detection of kinetochore components has revealed
that kinetochore assembly occurs by sequential recruit-
ment of factors. For example, normal localization of HCP-
1 (CENP-F), BUB-1, and MCAK all depend on the pres-
ence of CENP-C at the kinetochore, which in turn de-
pends on CENP-A. This is consistent with observations in
mouse cells lacking CENP-A (Howman et al., 2000), sug-
gesting monocentric kinetochores may assemble through a
similar hierarchical assembly process.

Making elegant use of quantitative real-time imaging,
Oegema et al. (2001) have investigated the relationship
between kinetochore protein function and spindle dynam-
ics. Among other observations, they find that embryonic
mitosis does not involve an obvious anaphase A (in which
chromosomes approach the poles); rather, separation of
chromatids occurs through an anaphase B mechanism (in
which the spindle poles move away from each other). In-
terestingly, they observe distinct perturbations of microtu-
bule—chromosome interactions when they deplete kineto-
chore factors or ICP-1 using RNAI.

Using electron microscopy, Howe et al. (2001) have
characterized kinetochore ultrastructure. They demon-
strate that kinetochore morphology in C. elegans resem-
bles what was observed in monocentric PtK cells (McE-
wen et al., 1998) when high-pressure freezing methods are
used to fix each tissue. Moreover, they find that depletion
of HIM-10 has a marked impact on both mitotic and mei-
otic kinetochore structure. Although HIM-10 is an essen-
tial kinetochore component, a temperature-sensitive allele
of the gene enabled them to observe the effects of HIM-10
depletion in the adult germline by a postembryonic tem-
perature shift. It might be possible to mimic this type of
experiment with other kinetochore components by soak-
ing young larvae in double-stranded RNA, which can by-
pass the problem of embryonic inviability due to loss of
gene function (Kuroyanagi et al., 2000).

It is striking that while all of the proteins examined in
these studies affect mitosis, only inactivation of the “pas-
senger protein” ICP-1 produced a strong defect in female
meiotic chromosome segregation. In ICP-1-depleted em-
bryos, the four oocyte meiotic products fail to separate
and they migrate together toward the male pronucleus.
(Oegema et al., 2001). However, in HCP-3— and HCP-4—
depleted animals, the oocytes appear to proceed through
both meiotic divisions quite normally and to segregate po-
lar bodies (into which three of the four female meiotic
products are discarded). There are no apparent differ-
ences between the maternal and paternal pronuclei in
these early embryos, as would be expected if the maternal
pronucleus had just undergone an aberrant meiosis. Howe
et al. (2001) have gone a step further by quantitating seg-
regation defects after HIM-10 RNAi, and they conclude
that meiotic segregation in the oocytes is not significantly
impaired by loss of this factor, even though it is clearly
present on oocyte chromosomes.
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What might account for the relative insensitivity of oo-
cyte divisions to depletion of kinetochore components es-
sential for mitosis? Chromosome division in the oocyte
takes place without a centriole, unlike all mitotic divisions,
and also in contrast to spermatocyte meiosis. This unusual
division may impose fundamentally different require-
ments for kinetochore factors in establishing and regulat-
ing chromosome-microtubule interactions. It would be in-
teresting to subject younger hermaphrodites to RNAi to
compare the effects of depleting these factors on oocyte
and spermatocyte divisions.

Implications and Outstanding Questions

The observations presented here, in conjunction with stud-
ies of centromeres in other species, have reshaped the way
we might think about some of the long-standing riddles
surrounding holocentric chromosome behavior. Answers
to the following questions will likely have relevance for
chromosome biology in all eukaryotes:

What sequence determinants underlie the positioning of
holocentric centromeres? In monocentric species, the his-
tone H3-like protein CENP-A is specifically incorporated
into nucleosomes at centromeres. In C. elegans, the ob-
served staining pattern of anti-HCP-3 (CENP-A) antibod-
ies as puncta within interphase nuclei and bands along mi-
totic chromosomes indicates that not all genomic
sequences are associated with this protein, at least not in
the same nucleus. At this point, we know nothing about
HCP-3 binding sites. Chromatin immunoprecipitation ex-
periments should make it possible to isolate HCP-3-asso-
ciated sequences and to discern whether they have any no-
table features in common, or whether they are even
consistent among nuclei within a given animal or among
individuals within a population

Centromeric DNA sequences in S. pombe, Drosophila,
and mammals appear to be neither necessary nor suffi-
cient for centromere function (Karpen and Allshire, 1997).
Nevertheless, the appearance of “neocentromeres” (nor-
mally noncentromeric DNA that acquires and faithfully
propagates centromere/kinetochore function) is rare. In
contrast, neocentromere formation appears to be a rela-
tively permissive event in C. elegans. Naked DNA micro-
injected into the gonad of adult worms can assemble into
extrachromosomal multimeric arrays, which bind to fac-
tors such as HCP-3 and HIM-10 (Howe et al., 2001). Such
arrays rapidly acquire the ability to segregate through mi-
tosis and meiosis. Interestingly, there appears to be little
or no requirement for authentic C. elegans sequences in
this process, since even prokaryotic DNA (e.g., bacte-
riophage lambda or Myxococcus xanthus genomic DNA)
can form functional extrachromosomal arrays when in-
jected into C. elegans. Promiscuous centromere factor
binding in worms may provide a useful experimental sys-
tem for investigating how DNA sequences acquire the
ability to assemble centromeres de novo.

How does mitotic chromosome segregation work when the
kinetochore is distributed along each chromatid? For sister
chromatids to separate at anaphase, each of them must
first attach to one of the two spindle poles. If a single ki-
netochore extends along the length of a flexible chroma-
tid, how does it avoid attaching to both poles of the mitotic
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Figure 1. Assembly of kinetochores on monocentric and holocentric chromosomes. This schematic diagram illustrates the major events
of kinetochore assembly, based on information from a body of work. CENP-A/HCP-3 decorates centromeres throughout the cell cycle.
In monocentric organisms (A), CENP-A staining appears as distinct foci corresponding to the number of chromosomes. These foci re-
cruit other components, including checkpoint proteins, motors, and structural elements, during prophase to build the mitotic kineto-
chore. The order of assembly of many components is not yet known. In C. elegans interphase nuclei (B), HCP-3 staining reveals a mul-
titude of tiny foci. However, by the time worm chromosomes can be seen as individual entities at prophase, a single ribbon of
semicontiguous HCP-3 staining is evident along one edge of each pair of sisters. HCP-4 (CENP-C) and HCP-1 (CENP-F) appear to be
recruited during prophase, as does BUB-1. MCAK loads slightly later than BUB-1. As the chromosomes congress to the metaphase
plate, the single ribbon of staining splits into two ribbons that separate to opposing faces of the paired sisters. Between this stage and the
alignment of the chromosomes at the metaphase plate, each ribbon of kinetochore proteins condenses dramatically to form a dot ~0.2—
0.5 pm in diameter, similar in size to a mammalian centromere. A notable difference between mono- and holocentric kinetochores is
that “splitting” of moncentric kinetochores into two sister foci is already evident by G2, when centromeres appear as “double dots.” In
contrast, in C. elegans there is no cytological indication of the duality of the replicated chromosome until late in mitotic prophase. Why

this splitting is apparent later in worms is unknown.

spindle? Recent findings have suggested a partial answer
to this question. Moreover, a number of different observa-
tions, taken together, indicate that the challenge of orient-
ing toward only one pole is shared by all kinetochores and
is not specific to holocentric chromosomes.

A surprising and significant observation revealed by
HCP-3 (CENP-A) or HCP-4 (CENP-C) immunostaining
is that by the time chromosomes have fully congressed at
the metaphase plate, the “ribbon” of centromeric/kineto-
chore material observed along prophase chromosomes has
condensed into a dot-like structure (see, for example, Fig-
ure 2 in Moore and Roth, 2001). How this happens pre-
sents a new mystery, but the appearance of a metaphase
structure no larger than a typical mammalian kinetochore
suggests that holocentric centromeres may not face any
unique geometrical obstacles in orienting properly.
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Moreover, the ability of monocentric chromatids to
form merotelic (bipolar) attachments at alarmingly high
frequencies has been demonstrated in insects, plants, and
cultured mammalian cells (LaFountain, 1985; Yu and
Dawe, 2000; Cimini et al., 2001). Thus, being monocentric
is no guarantee that a kinetochore will only interact with
microtubules emanating from a single spindle pole. All ki-
netochores may share common structural features that re-
strict their tendency to form merotelic attachments.

A further hint as to how a holocentric kinetochore can
interact specifically with one pole comes from a series of
mitotically stable dicentric chromosomes that have been
isolated from human patients (Sullivan and Willard, 1998;
Higgins et al., 1999). Their two centromeres are invariably
close together relative to the chromosome as a whole; the
distance separating them has been measured and shown to



be in the range of 2-20 Mb. This implies that mammalian
centromeres can act in concert if they lie within ~20 Mb of
each other. Perhaps not coincidentally, C. elegans chromo-
somes range in length from ~14 to 21 Mb. Monocentric ki-
netochores have been proposed to be comprised of repeat-
ing structural subunits that amalgamate to form a single
unit (Zinkowski et al., 1991); the holocentric kinetochore
may simply involve the coalescence of subunits that have a
higher ratio of interstitial DNA sequences.

In a holocentric organism, what stabilizes the karyotype?
Chromosome rearrangements in monocentric organisms
can give rise to acentric and dicentric chromosomes that
usually fail to propagate. In contrast, holocentric chromo-
some fragments segregate normally in mitosis, which
raises the question of how genome integrity is maintained
in worms.

One clue to the stabilization of the karyotype of C. ele-
gans may come from the meiotic segregation behavior of
chromosome rearrangements. Experimental evidence has
demonstrated that homologous chromosomal sequences
will not undergo crossing-over if they become separated
from a particular region near one end of the chromosome
by breakage, translocation, or insertion of intervening se-
quences (reviewed by Zetka and Rose, 1995). Even simple
translocations have the effect of suppressing meiotic ex-
change over large regions of the genome, resulting in aber-
rant meiotic segregation. While chromosome rearrange-
ments can be maintained in laboratory strains, and some
even segregate efficiently in homozygotes during meiosis,
all cause marked reduction of viable progeny in heterozy-
gotes. In a wild population, this would lead to rapid loss of
most types of gross rearrangements. Thus, in a holocentric
organism, somatic chromosome segregation can tolerate
breakage or rearrangement, but these abnormal chromo-
somes may be poorly transmitted to the next generation.

Despite clear evidence that chromosome rearrange-
ments pose major problems for meiotic segregation, reas-
sortment of the genome has apparently occurred exten-
sively during nematode evolution (Kent and Zahler,
2000). Interspecies sequence comparisons are becoming
possible on a genome-wide level, and will likely offer some
revelations concerning the relationship between karyo-
type evolution and the distribution of kinetic activity along
the chromosomes.

How do holocentric chromosomes accomplish meiosis?

Over a century ago, van Beneden and Boveri {AQ2} es-
tablished the reductional nature of meiosis through careful
observation of germ cell formation in holocentric Ascaris
species. Ironically, while major progress has been made in
understanding reductional division in monocentric organ-
isms, key aspects of this process remain enigmatic for ho-
locentric chromosomes.

In all familiar organisms, reduction occurs during the
first meiotic division. Homologous chromosomes segre-
gate to opposite poles, usually after undergoing genetic ex-
change, and sister chromatids stay together until anaphase
of meiosis II. For recombinant homologs without a de-
fined centromeric locus, the distinction between homo-
logue and sister becomes blurred. In C. elegans, achias-
mate chromosomes such as the male X or univalents
arising from defects in recombination (Lucia Wille and Di-
ane Shakes, personal communication {AQ3}) segregate as
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a single entity during meiosis I, and sisters do not separate
until meiosis II. The first division can thus be regarded as
reductional since it is not equational.

A unique feature of reductional divisions in species with
localized centromeres is that cohesion must be maintained
differentially along the length of recombinant chromo-
somes. Loss of cohesion distal to the chiasmata allows re-
combinant homologous chromosomes to separate from
each other, while sister chromatids remain associated prox-
imal to chiasmata. Defects in this process result in meiotic
nondisjunction (Dej and Orr-Weaver, 2000). From model
organisms, there is good evidence that a key function of the
centromeric region is to serve as a zone where meiotic co-
hesion is maintained until anaphase II. Centromeric re-
gions are highly enriched in molecular components that
promote proper meiotic cohesion, including both novel fac-
tors such as Drosophila Mei-S332 and specialized cohe-
sions (Kerrebrock et al., 1995; Toth et al., 2000).

The conceptual challenge posed by holocentric chromo-
somes is that without a single point of microtubule attach-
ment there is no meaning to the phrase “distal to the chias-
mata.” Without a defined centromeric locus, how do
sisters ensure that they maintain cohesion when homologs
disjoin during the first meiotic division?

This feat may be accomplished by distinct mechanisms
in different holocentric organisms. In Parascaris univalens,
kinetic activity during meiosis appears to be restricted to a
large heterochromatic region near one end of the lone
chromosome pair, in effect making meiotic chromosomes
monocentric (Goday and Pimpinelli, 1989). However, in
C. elegans, fluorescence microscopy reveals that HCP-3
(CENP-A) localizes throughout meiotic bivalents, and in-
ner kinetochore components cover the entire surface
(Moore et al., 1999). Howe et al. (2001) have now demon-
strated by electron microscopy that a ribosome-free zone,
the presumptive meiotic kinetochore, surrounds each
bivalent. However, it is still not known whether microtu-
bules actually attach all along the chromosomes during C.
elegans meiosis 1. These observations underscore the mys-
teries of how a holocentric bivalent forms a stable bipolar
attachment, and how its cohesion could be regulated to
promote proper meiotic segregation.

A long-standing cytological concept leads to one possi-
ble model for meiotic segregation of C. elegans chromo-
somes. Chiasmata in some organisms have been proposed
to “terminalize” at the end of meiotic prophase, or some-
how slip along the chromosome away from the original
point of strand exchange until they leave the chromosome
at a telomere (discussed in Albertson et al., 1997). The
idea of terminalization can be translated into contempo-
rary terms and molecules such as seperases and cohesions.
For example, the act of crossing over might somehow in-
fluence the local region of the chromosome so that cohe-
sion is removed initially at the site of chiasmata, and then
is eliminated processively to the nearest end. This would
be functionally equivalent to terminalization and would be
consistent with observations that C. elegans achiasmate
chromosomes retain sister cohesion until meiosis II. While
it may seem far fetched to imagine that a chiasma can trig-
ger loss of cohesion between itself and one end, but not
the other, it is intriguing to note that on the C. elegans au-
tosomes there is usually just a single meiotic crossover that



most often occurs within the distal third of the chromo-
some from either end. From the phenomenon of recombi-
nation interference, it is evident that crossovers must influ-
ence some aspect of chromosome structure over long
distances from the point of strand exchange. In addition to
preventing additional crossovers, this structural modifica-
tion could hypothetically promote loss of cohesion. Local
microtubule attachment might also be inhibited, consistent
with the observation that the ends most distant from the
chiasma usually face the poles at metaphase 1 (Albertson
et al., 1997).

Future Prospects

Nematodes have played key roles in the history of our un-
derstanding of mitosis and meiosis. The availability of the
genome sequence and new molecular tools for C. elegans
has sparked a renaissance of interest in holocentric chro-
mosomes. Evidence from work presented in this issue dem-
onstrates that molecules implicated in centromere and ki-
netochore function in monocentric species play conserved
roles in holocentric chromosome segregation. Beyond the
conservation of the kinetochore at the level of protein
components, Howe et al. (2001) have shown by electron
microscopy that its ultrastructure may not be fundamen-
tally different when it is built along an entire chromosome.

Work from the Roth and Hyman labs {AQ4} under-
scores the power of RNAi by demonstrating that construc-
tion of a mitotic kinetochore involves a hierarchical as-
sembly of protein factors, which would have been more
difficult to establish by traditional mutant analyses. These
findings will clearly shape the way that kinetochores are
studied in all species, and will lead to a greater under-
standing of the commonalities and differences among ho-
locentric and monocentric chromosomes. In light of these
results, we should sound a note of caution in interpreting
phenotypes arising from loss-of-function of individual ki-
netochore components. If the absence of a protein affects
the recruitment of downstream components in the assem-
bly process, or results in changes in kinetochore structure,
this may have indirect but profound effects on behaviors
such as microtubule attachment and chromatid orienta-
tion. A complete understanding of the roles these proteins
play at the centromere awaits more detailed biochemical
and cell biological analyses.

Based on RNAi-induced phenotypes with conserved
factors such as ZW10, HCP-3, HCP-1/2, and HIM-10, loss
of function of essential mitotic centromere or kinetochore
components is expected to cause early lethality in C. ele-
gans. Systematic secondary screening by observing early
events in embryonic-lethal mutants has yielded a collec-
tion of new loci that influence chromosome segregation.
Ongoing screens using both traditional and reverse genet-
ics (e.g., Gonezy et al., 1999, 2000) will likely uncover a
battery of new kinetochore factors. It will be intriguing to
see which, if any, of these components perform functions
uniquely required by holokinetic chromosomes. If these
studies are any indication, it is likely that we will see even
more conservation of function at the molecular level.
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